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Abstract 
The current paper presents the development of a finite element analysis framework for computational weld mechanics, in order to 
carry out cost-effective predictions of welding induced residual stresses with good accuracy. Different approaches for describing 
the welding heat sources were investigated. The paper also investigates the influence of thermo-mechanical material properties of 
frequently used steel grades (S355–S960) on welding residual stresses and angular distortion. The predicted residual stresses 
were validated experimentally on several different small scale specimens with X-ray diffraction techniques. Finally, the 
developed simulation framework is demonstrated on complex welded structures in a construction equipment vehicle.  
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1. Introduction 
Residual stresses are present in many fabricated structures due to local plastic deformation from thermal and 
mechanical operations during the manufacturing. The presence of residual stresses in engineering components and 
structures can significantly affect the structural integrity, e.g. the fatigue behavior during external cyclic loading. 
Accurate and reliable residual stress predictions are essential for structural integrity assessment of components 
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containing residual stresses [1]. Simulation of the manufacturing process, e.g. welding, using finite element 
technique is an accepted method for predicting the residual stresses. However, finite element simulation of residual 
stresses due to welding involves in general many phenomena e.g. non-linear temperature dependent material 
behavior, 3D nature of the weld pool and the welding processes and microstructural phase transformation. Despite 
the simplification by excluding various effects, welding simulations is still CPU time demanding and complex. 
Several simplified approaches for approximation of final state of residual stresses have been introduced to reduce the 
CPU time in welding simulations [2-6]. However, most of these contributions have been on small scale specimens.  
The aim of the work presented here is to develop reliable finite element predictive tools [7-8] with the goal of 
implementation into analysis of large complex welded structures [9] by 
 
x Development of an approach, rapid dumping, for simplified description of the welding heat source in 
order to decrease the CPU time. 
x Investigating the influence of thermo-mechanical material properties of frequently used steel grades 
(S355–S960) on welding residual stresses in order to simplify the material modeling and reduce the 
number of material parameters in FE simulation. 
x Implementation of developed simulation framework on complex welded structures, using sub structuring 
and super elements  in a construction equipment vehicle for prediction of residual stresses 
x Validation of the predicted residual stresses and distortions on small scale specimens and real 
components using X-ray diffraction techniques 
 
This research is carried out with financial grants from European Commission Research Fund for Coal and Steel 
under project acronym FATWELDHSS, with the focus on studying the fatigue behavior of improved welds in high 
strength steels by utilizing different improvement technique and the effect of residual stresses. 
2. Procedure for computational weld mechanics  
The finite element software ANSYS v.13 has been used for the development of welding simulations. Weld bead is 
modeled with the base plate and stiffener and all represent a single geometry. The weld bead is divided into 
adequate number of volumes (blocks) which will be used in the implementation of the moving heat source. A 
sensitivity analysis on number of blocks in each weld pass was carried in conjunction with optimal mesh density; the 
CPU time could be reduced to 50 % by using 48 blocks compared to 144.  The simulations are carried out 
sequentially; thermal analysis in order to obtain the temperature distributions and the sub-sequent elastic-plastic 
nonlinear mechanical analysis. The moving heat source is carried out by first deactivating the elements representing 
the filler, and then heat is added as volume and surface flux to each block activated one by one. The FE simulation 
using the proposed moving heat source is shown in Fig 1a. Fig 1b shows the temperature distribution during the 
activation of different blocks. The heat source model is validated with temperature measurements in Fig 1c. Further 
details about the heat source modeling can be found in [10-11]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Moving heat source; (b) temperature distribution; (c) validation with temperature measurements. 
64   Zuheir Barsoum et al. /  Procedia Engineering  114 ( 2015 )  62 – 69 
The prediction of residual stresses is also carried out deposition of filler material in the mechanical analysis. One 
of the approaches often used is gradual weld bead deposition [12], which is computationally very time consuming. 
Therefore, a alternative approach have been developed, rapid dumping. The difference between these two 
approaches is instead of using the final cooling load step for each activated block, the final cooling load step is used 
for the center weld bead in a single load step. Another time-efficient approach available is lumping or block 
dumping [13]. In lumping, the entire weld bead is heated up in a single load step, no moving heat source i applied, 
which is then followed by cooling to ambient room temperature.   
2.1. Longitudinal attachment with fillet welds 
The proposed approach for efficient welding simulation is developed on a longitudinal stiffener fillet-welded 
joint. This type of specimen is chosen because it resembles the residual stresses in a large welded structure in 
magnitude. It consists of a base plate with two longitudinal stiffeners, which are made of steel grade S700MC. In 
order to experimentally validate the predicted residual stress X-ray diffraction technique has been used. The 
measurements are made at four different locations on the longitudinal stiffener fillet-welded joint, as shown in Fig. 
2. The welding is carried out in a TA-1400 robot using Metal Cored Arc Welding (MCAW). Details about the 
welding can be found in [7].  
 
 
 
 
 
 
 
 
Fig. 2. (a) Fillet welded longitudinal attachment; (b) residual stress measurement locations. 
The proposed approach for efficient welding simulation is developed on a longitudinal stiffener fillet-welded 
joint. This type of specimen is chosen because it resembles the residual stresses in a large welded structure in 
magnitude. It consists of a base plate with two longitudinal stiffeners, which are made of steel grade S700MC. In 
order to experimentally validate the predicted residual stress X-ray diffraction technique has been used. A 
comparison of the predicted residual stresses using the different approaches (rapid-and block dumping) is shown in 
fig. 3 with the experimental results for the longitudinal fillet welded attachment. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison of predicted and experimentally obtained residual stresses in longitudinal attachment. 
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2.2. Application to other welded joints Longitudinal attachment with fillet welds 
In order to illustrate the effectiveness of the rapid dumping approach (in comparison with block dumping and 
gradual weld bead deposition), it is also implemented on butt welded, T-fillet welded and multi-pass tube/flange 
joints. Details about the welding specification, experimental validation, dimension and analysis set up is reported 
elsewhere in [2], [5] and [10]. 
 
Butt-welded joints [2] 
The joint analyzed here is a single pass with grade steel ST37-2. The experimental validation of the residual 
stresses was carried out with neutron diffraction technique. Fig. 4 shows the longitudinal residual stresses compared 
with experiments.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of predicted and experimentally obtained residual stresses in longitudinal attachment. 
T-Fillet-welded joint [5] 
The joint is a single pass weld with grade steel SS 2132 with 6 mm thickness. The welding method used is MAG 
and the experimental residual stresses are obtained using X-ray diffraction techniques. A comparison of measured 
and predicted residual stresses using rapid and block dumping approach is shown in Fig. 5.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of experimental and predicted transverse residual stresses in T-joint using rapid and block dumping. 
The residual stresses in the different joints analyzed are in good agreement with the experimentally obtained.  
Small discrepancies can be addressed to e.g. formation of residual stresses during plate cutting. Moreover, the micro 
structural evolution is not included in the analysis.  However, the residual stress trend and the peak stresses are 
captured very well. The block and rapid dumping approaches shows similar results except in the peak stresses; since 
block dumping do not capture start/stop location. It is also difficult to get the required fusion zone using the block 
dumping approach, due to the stationary nature of the heat source, which will affect the residual stress state.  
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3. Material properties in computational weld mechanics   
A greatest limitation in welding simulation is the problem of obtaining accurate temperature-dependent material 
properties, especially at the higher temperature regime, T >700 °C. These are at best reasonable approximations 
normally. Therefore, it is of great interest to identify the material properties for different steel grades that are most 
influential and necessary for welding simulations. 
The temperature dependent yield stresses and Young’s modulus for S355, S700 and S960 steel grades are 
obtained through hot tensile tests. The hot tensile tests are carried out at different temperature levels with 1000 ̊C 
being the highest level. The thermal expansion coefficient for all three steel grades is obtained through JMat Pro 
software. The analysis was carried out on T-fillet MAG welded specimen in the different steel grades. The 
temperature dependent mechanical material properties are shown in Fig. 6.  
 
 
 
 
 
 
 
 
 
 
Fig. 6. Temperature dependent yield stress, Young’s modulus and thermal expansion for S355, S700 and S960 steel grades. 
The most important material properties are coefficient of thermal expansion, Young’s modulus and the yield 
stress. Different mechanical cases are simulated in which the temperature dependent material properties are 
considered as constant and as a function of temperature. Eight different material models were considered to carry 
out a parametric study in order to study the effect on residual stresses, which also were validated experimentally 
with X-ray diffraction. Fig. 7 shows example of results from the S355, S700 and S960 steel grade for two different 
material models;  MP1, where all the material properties are varying with temperature, and MP3 where only the 
yield stress is varying with temperature and the remaining properties are constant. The residual stresses predicted by 
model MP3 for the different steel grades are almost identical to the reference case, MP1. One common observation 
for the different material models is that the residual stress predictions are on good agreement with the reference case 
and the measurements when the yield stress is varying with temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Residual stresses for different steel grades: (a) MP1, reference: (b) MP3; only yield stress varying with temperature. 
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Therefore, the temperature dependent yield stress is the most important material property for estimation of 
residual stresses, where also the thermal expansion coefficient has a secondary effect. Furthermore, an effort has 
been made to approximate the temperature dependent yield stress in the form of piece-wise linear equations which 
are applicable to a wide range of steel grades [8].  
4. Application to large welded structures  
The developed FE procedure and the material models developed are applied for prediction of the welding 
residual tresses on several large welded structures and components in order to demonstrate its capability. The 
predicted residual stresses were also validated with experiments. One of these demonstrators is a bogie beam in a 
articulated hauler.  
4.1. Bogie beam 
Bogie beam is an important and critical component in many ground vehicles, e.g., in trains it is used to provide 
safe and comfortable ride on curved and irregular tracks, in construction equipment’s, e.g., in articulated haulers, it 
is used to transfer the loads from two rear axles to the main frame of the vehicle so that the rear axles can easily roll 
over in a remote terrain. Fig. 8 shows the bogie beam analyzed the different welding sequences in manufacturing 
and simulation and the position of the residual stress measurements in the vicinity of the center sleeve, the whole 
structure includes totally 10 seam welds which were considered in the analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Analyzed bogie beam structure with welding sequences and location of residual stress measurements. 
The techniques previously described; rapid-and block dumping, and gradual weld bead deposition showed 
considerably decrease of the computational time for small scale specimens. However, for large real life structures, 
further simplifications are required in order to reduce the CPU time. Here, sub-structuring technique is investigated 
in conjunction with the above mentioned techniques  
4.2. Sub-structuring technique 
During welding process the region closer to the heat source is highly nonlinear while the remaining region in the 
structure behaves almost linear elastic. The computational time can be reduced by substructuring the linear portion 
of the model so that only element matrices of the nonlinear portion are recalculated at every equilibrium iteration. 
Substructuring technique available in commercial software ANSYS v14 is implemented on bogie beam. The 
structure is divided into two regions, i.e., linear (substructure) and nonlinear region. The selection of sub-structure 
can be carried out either by assuming a temperature at which elements have no plastic strains or by selecting an 
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arbitrary region far from the local weld zone. it is found that at temperature below 125 ̊C no plastic strains are 
observed. In bogie beam structure, the region which has temperature below 125 ̊C during thermal simulation is 
defined as linear region. The subdivision of bogie beam structure into linear and nonlinear region is shown in Fig. 9. 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Subdivision of bogie beam structure into linear (substructure) and nonlinear region. 
A comparison of the experimental and numerically predicted residual stresses along the paths in Fig. 8 around the 
center sleeve using the different approaches, including sub-structuring, are shown in Fig. 10.  
Overall, the prediction of residual stresses by gradual weld bead deposition approach is more accurate than the 
rapid dumping approach since it depicts the realistic behavior of the welding process. The only drawback is that it is 
computationally very expensive. By using rapid dumping approach the computational time is reduced by 60% when 
compared with gradual weld bead deposition approach. The substructuring technique is used with rapid dumping 
approach which shows identical results with gradual weld bead deposition and rapid dumping. The substructuring 
technique using rapid dumping has further reduced the computational time by 20% when compared to rapid 
dumping approach only. The residual stresses predicted by block dumping approach are completely erroneous.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Comparison of experimental and numerically predicted residual stresses using different approaches in bogie beam. 
5. Conclusions 
x Proposed simplified moving heat source showed good agreement with predicted temperature histories 
and residual stresses. By using the rapid dumping approach for welding simulations, the CPU 
computational time is reduced by 90 % as compared to gradual weld bead deposition.  
x For assessment of longitudinal as well as transverse residual stresses with acceptable accuracy, all of the 
mechanical material properties except temperature dependent yield stress can be taken as constant. It is 
important to consider the influence of solid state phase transformation in FE analysis, which will further 
enhance the level of accuracy of the residual stress predictions.  
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x The residual stresses predicted in the bogie beam structure using rapid dumping showed good agreement 
with measurements. The computational time could be reduced by 60 % compared with gradual weld 
bead deposition. Substructuring technique using rapid dumping approach is successfully implemented 
on bogie beam structure. The technique has produced almost identical results and further reduced the 
computational time by 20% when compared with rapid dumping approach 
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